Abstract The tomato red spider mite, Tetranychus evansi, is an emerging pest of solanaceous crops. Two distinct genetic lineages (I and II) have been identified, lineage I having a much wider geographic distribution than lineage II. This has been attributed to differences in cold hardiness that make lineage I better adapted to colonize the coldest parts of the invaded area. However, other factors such as the ability to exploit different hosts may also be involved. In this work, we compared the performance of the Nice (lineage I) and Perpignan (lineage II) strains of T. evansi on two frequent host plants for this species: black nightshade, Solanum nigrum, and cultivated tomato, S. lycopersicum. In general, Nice strain mites performed better (higher fecundity, lower offspring mortality, bigger egg size and lower percentage of males) than Perpignan strain mites when both: (1) they were reared and tested on the same host plant (S. lycopersicum or S. nigrum); and (2) when shifted from S. nigrum to S. lycopersicum and vice versa. Digestive proteases showed also higher expression in Nice strain mites than in Perpignan strain mites, independently of their plant host, potentially reflecting a more efficient proteolytic digestion of plant proteins. However, no differences in detoxification enzyme (P450, esterases and glutathione S-transferases) activities were found when the two strains were compared. In conclusion, our results demonstrate that Nice strain mites exhibited life history traits leading to higher fitness on two different hosts, which may be related with the higher invasive potential and outbreak risks of mites from lineage I.
Introduction
The tomato red spider mite, Tetranychus evansi Baker & Pritchard, is an emerging pest of solanaceous crops worldwide . It is native to South America (Gutierrez and Etienne 1986; Boubou et al. 2011 Boubou et al. , 2012 , but in the last two decades has expanded its Communicated by A.R. Horowitz.
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& Félix Ortego ortego@cib.csic.es geographical distribution range to southern USA, most of sub-Saharan Africa, the surrounds of the Mediterranean basin, and East Asia Dorkeld 2006-2015; Migeon et al. 2009 ). Outbreaks of this species have been reported to cause yield losses in S. lycopersicum in some African regions (Saunyama and Knapp 2003) , and T. evansi has been included in the alert list of the European and Mediterranean Plant Protection Organization (EPPO 2004) . Genetic studies have shown that two independent invasion events, corresponding to two distinct genetic lineages, occurred during colonization by the mite outside its area of origin in South America (Boubou et al. 2011 (Boubou et al. , 2012 . The most likely invasion scenario involves a first introduction of the widespread lineage I from southwest Brazil into Africa and from there to the Mediterranean basin, with a later introduction into some parts of Asia. Mites from the more narrowly distributed lineage II appear to have been introduced independently from the Brazilian Atlantic region to Portugal, Spain and southern France. Niche modeling analysis suggests that the current distribution of these two lineages is not solely the result of introduction events, but can also be attributed to different life-history traits that make lineage I more prone to colonize new environments (Meynard et al. 2013) . While dryness as well as excess moisture stresses play important roles in limiting the spread of the mite in the tropics, its distribution in North America and Eurasia appears essentially to be limited by cold climate (Migeon et al. 2009 ). Thus, the wider distribution of lineage I when compared to lineage II can be associated with the fact that mites of lineage II tend to occupy warmer environments with narrower annual temperature ranges than mites from lineage I (in both the native and the invaded areas) (Meynard et al. 2013) . In line with this model prediction, experimental work demonstrated that mites from lineage I performed better when they were challenged by winter conditions which they encounter in the coldest parts of the invaded area (Migeon et al. 2015) . These differences in the phenotypic response of the two lineages to winter conditions can be translated into dramatically different invasive potentials when introduced into new geographical regions, with mites of lineage I showing much larger distribution ranges than those of lineage II (Meynard et al. 2013) . Interestingly, T. evansi of lineage I is responsible for the most serious population outbreaks on solanaceous crops reported in the literature , and it has been demonstrated that drought stress increases their performance on S. lycopersicum (Ximenez-Embún et al. 2016) . As a consequence, increased destructive outbreaks may be expected under drier climate change scenarios.
In addition to climatic conditions, another important factor that can play a significant part in the establishment and distribution of invasive species is their ability to exploit different hosts (Ziska et al. 2011) . T. evansi is considered to be a specialized spider mite which feeds mostly on solanaceous plants, including cultivated crops such as S. lycopersicum, tobacco, potato and eggplant . Although it has also been reported on plants of other families Dorkeld 2006-2015) , high population levels have only been encountered a few times on the Cucurbitaceae and Fabaceae families . Interestingly, mites of lineage I have been reported from a wider range of plants than those of lineage II, this host expansion being especially remarkable in the Mediterranean basin . The lack of natural enemies has been evoked to explain the wider host range of lineage I in the invaded area ), but differences in the phenotypic plasticity of each of the two lineages could also result in differences of their performance on the various plant species where the mite has been recorded. Assays had been conducted to evaluate T. evansi performance on two of its most frequent worldwide host plants: black nightshade, Solanum nigrum (Gotoh et al. 2010; Migeon et al. 2015) ; and tomato, S. lycopersicum (Sarmento et al. 2011 , Ximenez-Embún et al. 2016 . When feeding on S. lycopersicum, T. evansi was found to suppress anti-mite plant defenses, increasing mite fitness and rendering plants more vulnerable to the attack of newly arriving mites (Sarmento et al. 2011; Alba et al. 2015) . However, studies comparing the performance of mites from lineages I and II are very scarce. Gotoh et al. (2010) found that a strain from lineage II had a lower fecundity on S. nigrum than strains belonging to lineage I, whereas no differences were observed for other life-history parameters analyzed, such as the rate of development and the intrinsic rate of natural increase. Alba et al. (2015) found that mites from the two lineages were able to suppress S. lycopersicum defenses to a similar magnitude. Recently, it has been shown that T. urticae, a related and highly polyphagous spider mite with a worldwide distribution, has a capacity to rearrange the expression of gene families involved in digestion and detoxification processes during its adaptation to S. lycopersicum (Wybouw et al. 2015) . However, the physiological adaptations of T. evansi mites in response to host plant shifts remain largely unexplored.
In this work, we compared the performance of two strains of T. evansi belonging to lineages I and II. Lifehistory traits were analyzed when mites were reared and tested on the same host (S. nigrum or S. lycopersicum plants), and when shifted from S. nigrum to S. lycopersicum and vice versa. In addition, mite digestive and detoxification physiological responses were assessed and expression of selected genes measured under different strain-rearing host plant combinations.
Materials and methods

Mites
Two strains of T. evansi, named here Nice and Perpignan, collected in France were used in the experiments. They belong to two different clades, named lineage I and lineage II hereafter, which were previously recognized as Beausoleil and Torreilles, respectively, and sequenced (Boubou et al. 2011) . The Nice strain belongs to genetic lineage I, the most invasive lineage (reported from several continents), and it was collected in Beausoleil (France, AlpesMaritimes, 43.753°N, 7.420°E, October 2009) on S. nigrum; the Perpignan strain belongs to lineage II, which has a limited distribution (known to occur in Brazil, Portugal and Catalonia on both sides of the Spanish-French border), and it was collected in Torreilles (France, Pyrénées-Orientales, 42.741°N, 2.986°E, October 2009) on S. nigrum. Both strains were mass reared in double-bottom plastic boxes (13.5 9 9.5 9 5 cm) on detached leaves of S. nigrum on watered cotton blanket, and maintained in growth chambers at 25 ± 1°C, RH = 60 ± 10% with a photoperiod of 16L:8D. Five months before the experiments, after about 10 mite generations, both strains were also reared on S. lycopersicum leaves under the rearing conditions mentioned above. S. lycopersicum (cv. Roma) was used for mite rearing and for all the experiments in this study.
Life-history traits
An experimental design with three factors was set up: (1) mite strains from either Nice or Perpignan; (2) rearing host plant (S. nigrum or S. lycopersicum); and (3) the host plant to which the mites were challenged (S. nigrum or S. lycopersicum). All possible combinations were tested by measuring fecundity (offspring per female), mortality occurring in the development of juveniles and young adults, adult sex ratio and egg size. To obtain cohorts of females of similar age and to reduce the variability in female fecundity, and also to avoid the effects of maternal recent feeding history, 2 weeks before the tests, 100 females of each strain-rearing host plant combination (Nice on S. nigrum, Perpignan on S. nigrum, Nice on S. lycopersicum and Perpignan on S. lycopersicum) were placed separately on test host plant (either S. nigrum or S. lycopersicum) leaves and allowed to lay eggs for 3 days. Following adult emergence of the offspring, which comprised both males and females, mites were allowed to mate over a period of 3 days. Then, 20 females per combination were placed on 20 potted (8 9 8 9 8 cm) seedlings (one female per seedling) of either S. nigrum or S. lycopersicum. Threeweek-old plants were trimmed 3 days before the experiment to facilitate the recovery of mites. Seedlings of S. nigrum were trimmed by cutting the stem above the sixth leaf. Only the 2 youngest leaves were kept. S. lycopersicum seedlings were trimmed by cutting the stem above the second leaf and only the second leaf was kept. Seven days later, females were removed from the seedlings. At this time, seedlings with dead or missing females were discarded. Fourteen days after mite infestation, when adult emergence occurred, plants were dissected and offspring (nymphs and adults) was counted and sexed. Dead juveniles and adults were also recorded. When necessary, unsexable young stages were placed on detached leaves and reared until reaching the adult or the deutonymph stage and then sexed. In a very few cases, the transferred juveniles died and were only included in the fecundity analysis (0.5% of the total progeny). Two replicates of the whole experiment were performed in growth chambers at 25 ± 1°C, RH = 60 ± 10% with a photoperiod of 16L:8D. They were pooled for a total number of plants varying from 24 to 39.
For egg-size measurements, 100 young mated females (4 days old) of each of the four strain-rearing host combinations (see above, same protocol as for female production) were placed on detached leaves of the test host plant (S. nigrum or S. lycopersicum) and allowed to lay eggs for 24 h. The day after, 100 eggs per test, selected at random, were measured. To measure egg size, eggs were gently removed from the leaf using a thin brush and put on microscopic glass slides without a cover slip. Slides with eggs were placed under a Leica DMLB 2 microscope coupled to a Leica 5 Mo pixels camera. Each egg was photographed using ProgRes Ò Capture Pro 2.6 software at a magnification of 9200 calibrated as one pixel corresponding to 265.72 nm. Tiff images were black and white transformed with Irfanview (http://www.irfanview.com) software by automatic batch processing and analyzed using ImageJ software (Rasband 1997 (Rasband -2016 . Egg size was automatically measured as a circle surface using ImageJ measure tool by selecting the egg with the ''Magic wand''.
Enzymatic assays
To produce the amount of mites necessary to this analysis, mass rearing and mass plant infestation were used. To avoid maternal effects, as stated above, a ''mother'' generation was multiplied separately on the two plant species. We infested plants with highly infested pieces of leaf and collected mites 2 weeks later, which for T. evansi correspond to a whole generation at 25°C. Only females (which are bigger than males) were collected without considering their age. Mites were collected alive, directly frozen in liquid N 2 and stored at -80°C. Mite protein extracts were obtained by homogenizing mites (approx. 200 females) in 200 ll of ice-cold 0.15 M NaCl using a pestle homogenizer, centrifuged at 16,000g for 5 min, the supernatant then being collected to determine enzymatic activities. Five biological replicates were done for each treatment (each replica consisted of mites obtained from 3 plants). Total protein concentration was determined by the method of Bradford (1976) using Bovine Serum Albumin (SigmaAldrich) as standard. All experiments were performed in 96-well microtiter plates, and blanks were used to account for spontaneous breakdown of substrates. Fluorimetric measurements were made using a Tecan Genius Pro Multifuncional Reader (Tecan Trading, Männedorf, Switzerland), and spectrophotometric measurements with a VERSAmax microplate reader (Molecular Devices, Sunnyvale, USA).
Cathepsin B-, cathepsin L-and legumain-like activities were assayed as described by Santamaria et al. (2015) , using Z-RR-AMC (N-carbobenzoxyloxy-Arg-Arg-7-amido-4-methylcoumarin) (Calbiochem, San Diego, CA, USA), Z-FR-AMC (N-carbobenzoxyloxy-Phe-Arg-7-amido-4-methylcoumarin) (Calbiochem) and Z- VAN-AMC (N-carbobenzoxyloxy-Val-Ala-Asn-7-amido-4-methylcoumarin) (Bachem, Bubendorf, Switzerland) as substrates, respectively. The assays were performed in 100 ll reaction buffer (100 mM sodium citrate, 150 mM NaCl, 5 mM magnesium chloride), containing 1 mM dithiothreitol (DTT) (Sigma-Aldrich) and 20 lM of substrate. Total protein (mite homogenate extracts) in the reaction was 3 lg. The pH of the reaction buffer was set to 5.5 to measure cathepsin B-and L-like activities and 4.5 to measure legumain (Ximenez-Embún et al. 2016 ). Reactions were performed in triplicate for each replicate. The reactions were incubated at 30°C for 40 min for cathepsin B and cathepsin L and for 100 min for legumains, and emitted fluorescence was measured with a 365-nm excitation wavelength filter and a 465-nm emission wavelength filter. The calibration was performed with known amounts of AMC (7-amino-4-methylcoumarin) (Bachem) in a standard reaction. The susceptibility of mite cathepsin B-, and L-like proteolytic activities to plant protease inhibitors was tested in vitro by pre-incubating mite extracts (5 lg of protein) with S. lycopersicum or S. nigrum leaf extracts (15 lg of protein) for 10 min at room temperature, prior to the addition of the corresponding substrate.
Cathepsin D-like activity was determined using 0.2% hemoglobin (Sigma-Aldrich) as substrate as described by Carrillo et al. (2011) . The assays were performed in 100 ll reaction buffer (100 mM sodium citrate buffer, 0.15 M NaCl, pH 3.0) containing 30 lg of total protein mite extract, and incubating at 30°C for 4 h. The reaction was stopped with 50 ll of 15% trichloro acetic acid and the absorbance measured at 280 nm. Leucine aminopeptidaselike activity was determined using LpNa (L-leucine p-nitroanilide) (Sigma-Aldrich) as substrate, as described by Ximenez-Embún et al. (2016) . Samples of mite extract containing 5 lg of total protein were incubated with 200 ll of 1 mM LpNa in 0.1 M Tris-HCl buffer (0.15 M NaCl, 5 mM MgCl 2 , pH 7.5) at 30°C for 4 h. The reaction was stopped with 100 ll of 30% acetic acid and the absorbance was measured at 410 nm, using a molar extinction coefficient of 8800 M -1 cm -1 for pNa. Detoxification enzymes were assayed as described by Ximenez-Embún et al. (2016) . Esterase activity was determined using 1-naphthyl acetate (1-NA) (SigmaAldrich) as a substrate. Samples of 0.5 lg of mite protein extract were incubated with 200 ll of 0.25 mM 1-NA in 0.1 M Tris-HCl buffer (0.15 M NaCl, 5 mM MgCl 2 pH 7.0) for 1 h at 30°C. The reaction was stopped by adding 80 ll of a solution (0.04% (w/v) of Fast blue salt BN (tetrazotized) and 1.5% (w/v) SDS) and incubating at room temperature for 1 h. A standard curve of 1-naphthol was used as a reference. Absorbance was measured at 600 nm. Glutathione S-transferase (GST) activity was determined incubating 25 lg of mite protein extract with 250 ll of 0.1 M Tris-HCl buffer (pH 8.0), containing 0.4 mM CDNB (1-chloro-2,4-dinitrobenzene) (Sigma-Aldrich) as substrate and 5 mM reduced glutathione as cofactor at 30°C. The increment in absorbance at 340 nm was recorded every minute for 5 min, using a molar extinction coefficient of 9.6 mM -1 cm -1 for conjugated CDNB. P450 activity was assayed by incubating 25 lg of mite protein extract with 160 ll of 100 mM Tris-HCl buffer, [pH 7.0; containing the NADPH generating system (0.5 mM NADP, 2.5 mM glucose 6-phosphate and 0.3 units of glucose 6-phosphate dehydrogenase)] and 20 ll of a 50 lM cytochrome c (Sigma-Aldrich) solution at 30°C for 4 h. The reaction was stopped with 100 ll of methanol and the absorbance measured at 550 nm, using a molar extinction coefficient of 27.6 mM -1 cm -1 for cytochrome c reduced.
Gene expression
The same protocol as above (enzymatic assays) for collecting mites was used. Total RNA was extracted from mites (approx. 200 females) frozen in liquid N 2 and stored at -80°C by the TRIZOL Ò Reagent following the manufactureŕs instructions (Ambion, Austin, TX, USA), but adding two extra steps to the basic protocol to enhance the RNA yield: (1) prior to precipitation, 10 lg RNase-free glycogen (Ambion) was added as carrier to the aqueous phase; and (2) the final RNA pellet was suspended in RNA secure (Ambion). cDNAs were synthesized from 2 lg of RNA using the Revert Aid TM H Minus First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Roth, Germany) following the manufacturer's instructions. The RT-qPCR conditions were 15 s at 95°C, 1 min at 55°C and 5 s at 65°C over 40 cycles. FastStart Universal SYBR Green Master (Rox) (Roche Diagnostics, Germany) was used in a total volume of 20 ll. The reactions were carried out in a C1000 TM thermal cycler with CFX96 TM optical reaction module (BioRad, Hercules, CA, USA) using multiplate PCR plates, and the results were analyzed using CFX Manager Software 2.0 (BioRad). For negative controls, 1 ll of water was used instead of cDNA, as well as an RNA sample without reverse transcription (no-RT). Primer efficiency was tested using a standard curve for each gene. After amplification, a melting curve analysis was performed to verify gene specificity. The absence of genomic DNA was validated by the no-RT control. Three biological replicates (each replica consisting of mites obtained from 3 plants) were done for each treatment. Reactions were performed per duplicate for each sample. Gene expression values were calculated as relative expression level (2 -dCt ) relative to ribosomal protein Rp49 expression levels. Primers were designed based on the sequences of T. urticae genes. The oligonucleotides used as primers for RT-qPCR amplification of three cathepsins B (TePap-2, 6 and 8), four cathepsins L (TePap-14, 16, 17 and 18), two legumains (TeLeg-5 and 7), one aspartyl protease (TePep-2), one leucinaminopeptidase (TeLap-1) and two serine proteases (TeSP7 and 35) are shown in Supplementary Table 1 .
Statistical analysis
Life-history traits were analyzed by non-parametric Kruskal-Wallis tests and completed by post hoc pair rank comparisons to decipher the significant differences among treatments (StatSoft, France, 2011) . Data from enzymatic assays and gene expression levels were analyzed by twoway ANOVA (with mite strain and rearing host plant as factors) followed by pair-wise multiple comparisons (Student-Newman-Keuls test) (GraphPad Prism 6, USA, 2012).
Results
Life-history traits
When reared and tested on the same host plant (S. nigrum or S. lycopersicum), the progeny of mites from Nice was significantly greater in number (up to almost twofold) than that of females from Perpignan, for both host plants (Fig. 1a) . When mites were tested on a different host to the one on which they were reared (S. lycopersicum shifted to S. nigrum and reverse), with the exception of Perpignan mites reared on S. lycopersicum, there was a great reduction in the number of offspring (up to fourfold for mites from Perpignan reared on S. nigrum and up to more than twofold for mites from Nice reared on either plant) compared to the offspring of mites reared and tested on the same host. Likewise, when reared on S. nigrum and tested on S. lycopersicum, mites from Nice produced a larger number of progeny (about fourfold) than mites from Perpignan, whereas the two mite strains had similar number of progenies when reared on S. lycopersicum and tested on S. nigrum.
Offspring mortality (occurring during the development of juveniles and young adults) of females from Nice was lower than for mites from Perpignan when reared and tested on S. lycopersicum, whereas no significant differences between strains were obtained when reared and tested on S. nigrum and host shifts were applied (Fig. 1b) . When the tested plant was different from the rearing plant, offspring mortality was higher compared to that measured for mites reared and tested on the same host. However, the increase was only significant (about fourfold) for mites from Nice reared on S. lycopersicum and tested on S. nigrum.
Females from the Perpignan strain produced significantly more males than those from the Nice strain when the rearing and tested hosts were the same (an increase of up to twofold on S. lycopersicum) (Fig. 1c) . In contrast, no significant differences in the sex ratio were observed as a consequence of the host shift for any given strain-rearing host plant combination.
Eggs laid by females of the Nice strain were always significantly larger than those laid by females from Perpignan, whatever the rearing and the tested host plant (Fig. 1d) . When the rearing and the tested host plant were the same, there was no host plant effect for the Nice strain, but eggs laid by females from Perpignan were significantly smaller when reared and tested on S. nigrum than when they were reared on S. lycopersicum. For both mite strains, eggs were significantly smaller when females were reared on S. lycopersicum and tested on S. nigrum than when reared and tested on S. lycopersicum, whereas no effect on the egg size was observed when mites were shifted from S. nigrum to S. lycopersicum. Interestingly, whatever the mite strain or rearing host plant combination considered, examination of the egg size distribution revealed that the smallest eggs produced by the Nice females were always larger than the smallest eggs laid by females from Perpignan ( Supplementary Fig. 1S ). Likewise, the biggest eggs laid by the Nice strain were always larger than the largest eggs laid by females from Perpignan.
Enzymatic assays
The specific activity of protease (cathepsin B-, cathepsin L-, legumain-, cathepsin D-and aminopeptidase-like) and detoxification (esterase, GST and P450) enzymes was examined in mites of the Nice and Perpignan strains reared on S. nigrum or S. lycopersicum host plants (Table 1) . The activity of cathepsin B-and L-like proteases was straindependent and independent of the plant host, with the exception of cathepsin L-like from the Perpignan strain. Remarkably, cathepsin B-like activity was about 3-to 5-fold greater in mites of the strain from Nice than in those of the strain from Perpignan, whereas cathepsin L-like activity was between 4-and 12-fold greater in the Perpignan strain than in the Nice strain. Regarding aminopeptidase-like activity, both strain and plant host were significant factors, being higher in the Nice than in Perpignan strain, and lower when reared on S. lycopersicum than on S. nigrum. No statistical differences were found for legumain-or cathepsin D-like protease activities or for detoxification enzyme activities.
Inhibitory assays were performed to test if mite cathepsin B-and L-like activities were inhibited differently in vitro by S. lycopersicum and S. nigrum plant extracts and if their susceptibility was strain-and/or plant host-dependent (Fig. 2) . Similar levels of inhibition were obtained with the two plant extracts. However, the inhibition of mite cathepsin L-like activity depended on strain (greater for the Nice strain on both hosts), whereas the inhibition of mite cathepsin B-like activity was similar for all strain-rearing host plant combinations.
Expression of protease genes
The expression of protease genes, selected by their homology to genes already analyzed in T. urticae (Santamaria et al. 2015) , was analyzed in mites of the strains from Nice and Perpignan reared on S. nigrum or S. lycopersicum host plants (Fig. 3) . The three cathepsin B (TePap-2, 6 and 8) and the two legumain (TeLeg-5 and 7) protease genes analyzed showed statistically significant higher expression in mites of the Nice strain than in mites of the Perpignan strain, independently of their plant host. The expression of the cathepsin L genes TePap-16 and TePap-17 was also higher in mites from the Nice strain when reared on S. nigrum but not when feeding on S. lycopersicum, whereas the expression of the leucine-aminopeptidase TeLap-1 was higher in mites from the Nice strain only when reared on S. lycopersicum. The serine protease TeSP35 showed higher expression in the Nice strain reared on S. nigrum than in the Perpignan strain reared on S. lycopersicum, but no significant differences were obtained when the other combinations were tested. Differences in gene expression levels were not detected for the cathepsin L proteases TePap-14 and Te-Pap18, the aspartyl protease TePep-2 or the serine protease TeSP7.
A
Discussion
Mites belonging to Nice strain (lineage I) exhibited life history traits leading to higher fitness than those from Perpignan strain (lineage II). In most cases, they displayed better performance (higher fecundity, lower offspring mortality, bigger egg size and lower percentage of males), independently of whether they were reared and tested on S. lycopersicum or S. nigrum. Moreover, regardless of the life-history trait measured, when Nice mites experienced a host shift they did not perform less well (sometimes they still performed better) than Perpignan mites reared and tested on the same host. There were a few exceptions where the differences were not significant, but the results showed a trend in the same direction. The smaller number of progeny of mites from Perpignan is in line with the results obtained by Gotoh et al. (2010) , who found that a strain collected near Perpignan (also lineage II) had the lowest fecundity among the seven strains tested (the other six strains originated from different parts of the world and all belonged to lineage I), though only differed significantly from a strain collected in the Canary Islands (Spain). The greater differences between strains displayed in the work presented here could be explained by the experimental setup, where tests were performed on plants whereas Gotoh et al. (2010) used discs detached from leaves. Data obtained for the egg size of both strains reinforce the hypothesis of the higher performance of mites from lineage I over the lineage II. Firstly, the predicted pattern stating that offspring resulting from larger eggs have higher fitness and are more likely to reach adulthood (Fox and Czesak 2000) also occurs in results from this work when linking mite juvenile mortality and egg size. Secondly, larger eggs are expected to produce larger adults in both male and female arthropods, which can have important consequences for reproductive success (Savalli and Fox 1998 ). This appears to be the case in our study, since there is also a correlation between female fecundity and egg size. Thirdly, sex allocation in arrhenotokous mites can be mediated by egg size, as evidenced in T. urticae where female (diploid fertilized) eggs are larger than male (haploid unfertilized) eggs (Macke et al. 2010) . Indeed, females from the Nice GST 33.9 ± 3.9 a 34.9 ± 6.9 a 35.8 ± 3.5 a 34.8 ± 2.8 a P450 0.075 ± 0.003 a 0.071 ± 0.004 a 0.080 ± 0.004 a 0.086 ± 0.006 a a Specific activities as nmoles of substrate hydrolyzed (proteases and esterase), conjugated (glutathione Stransferase) or reduced (P450)/min/mg protein, except for cathepsin D-like activity against hemoglobin as mU D Abs 280 nm/min/mg protein.
Values are mean ± SE of measurements (five biological replicates were done for each treatment, each replicate consisting of mites obtained from three plants). Means followed by the same letter within a row do not differ significantly (two-Way ANOVA, followed by pairwise multiple comparisons using Student-Newman-Keuls test, P \ 0.05) strain with larger eggs on average produced a more femalebiased sex ratio. The ability of phytophagous arthropods to cope with the varying nutritional value of different host plants has been associated with the transcriptional plasticity of gene families involved in digestion (Ortego 2012; Wybouw et al. 2015) . Tetranychu evansi, a specialist on Solanaceae, relies on cysteine and aspartyl proteases and aminopeptidases for proteolytic digestion (Ximenez-Embún et al. 2016) . In general, the majority of the cysteine (cathepsin B, cathepsin L and legumain) protease and aminopeptidase genes analyzed showed higher expression in mites from the Nice strain than in mites from Perpignan, potentially reflecting a more efficient digestion of plant protein from both hosts in Nice mites. However, our results do not allow us to determine whether or not this was a cause, or a consequence, of the higher performance of Nice mites on both hosts. Interestingly, expression data did not always correlate with proteolytic activity, since cathepsin L-like activity was higher in Perpignan than in Nice mites. The discrepancy between activity and expression data might result from the observed differences in the susceptibility of mite cysteine proteases to plant protease inhibitors. Though T. evansi suppresses plant defenses in S. lycopersicum when compared with mites from non-suppressor T. urticae strains (Sarmento et al. 2011 , Alba et al. 2015 , protease inhibitors were still induced in infested plants when compared to the non-infested ones (Alba et al. 2015; XimenezEmbún et al. 2016) , though Sarmento et al. (2011) did show suppression of protease inhibitor activity below control levels in T. evansi-infested leaves. Our results show that leaf extracts from both S. lycopersicum and S. nigrum inhibited T. evansi cathepsin L-like activity in vitro, (TeSP7 and 35) . Data are the mean ± standard error of duplicate measurements of three replicates for each population reared on each host. Different letters indicate significant differences between treatments in the analysis of each gene (two-way ANOVA followed by Student-Newman-Keuls multiple comparison test, P \ 0.05) resulting in greater inhibition in the Nice strain than in the Perpignan strain, with the exception of the inhibition by S. lycopersicum leaf extracts when the mites were reared on S. lycopersicum. This may explain the reduction in the cathepsin L-like activity in the Nice strain, despite the induction of its expression. Alternatively, enhanced cathepsin L gene expression in the Nice strain might compensate for the higher susceptibility to the host protease inhibitors. In contrast, the inhibition of mite cathepsin B-like activity was similar for all mite strain-rearing host plant combinations, which is in agreement with the good correlation between activity and expression data. Nevertheless, other factors such as post-transcriptional regulation, secretion, and zymogen activation, which control digestive proteases in arthropods (Terra and Ferreira 2012) , could also be involved. Moreover, there are large families of cysteine protease genes in spider mites (Grbic et al. 2011 ), whereas only a few genes were considered here. Indeed, differences in gene expression were not detected for some of the cathepsin L protease genes analyzed in this study.
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No differences in gene expression and activity were found for aspartyl (cathepsin D-like) protease. The presence of only two aspartyl protease genes in the genome of T. urticae (Grbic et al. 2011) revealed that this family has not been expanded to respond to host shifts. In addition, the expression of both genes was not altered during the adaptation of T. urticae to S. lycopersicum (Wybouw et al. 2015) . However, the gene in T. urticae homologous to the one analyzed in our study was induced in response to the ingestion of protease inhibitors, and its presence in mite feces demonstrated by activity and proteomic analysis, indicative of their involvement in the digestive process (Santamaria et al. 2015) . Two serine protease genes were also analyzed, showing two different patterns of expression. However, as reported for other spider mites (Carrillo et al. 2011) , their involvement in the hydrolysis of dietary protein is unlikely, since no measurable activity was obtained using the trypsin-like substrate carbobutyloxyGln-Gly-Arg-7-amido-4-methylcoumarin (PeptaNova), while the chymotrypsin substrate succinyl-Ala-Ala-ProPhe-7-amido-4-methylcoumarin (Merck Millipore) was hydrolyzed with very low efficiency, and was not inhibited by the chymotrypsin inhibitors STI, SBBI and chymostatin (data not shown). In any case, our results suggest that aspartyl and serine proteases are not playing a role in the differential host plant uses of lineages I and II.
Herbivore adaptations to plant defenses include the activation of detoxification processes to counter the toxic effect of allelochemicals (Li et al. 2007) . No differences in detoxification enzyme (P450, esterases or GST) activities were found when T. evansi strains and/or plant hosts were compared. Our results contrasts with those obtained with T.
urticae, in which 25 detoxification related genes were differentially regulated following adaptation to S. lycopersicum (Wybouw et al. 2015) . However, Wybouw et al. (2015) transferred T. urticae from bean (Fabaceae) to S. lycopersicum host which belong to different plant families, whereas in this study T. evansi was transferred between hosts of the same plant family. Likewise, no differences in detoxification enzyme activities were observed when T. evansi mites were fed on drought-stressed S. lycopersicum plants (Ximenez-Embún et al. 2016) , whereas esterase activity was significantly higher in a S. lycopersicumadapted than in a S. lycopersicum-non-adapted strain of T. urticae (Ximénez-Embún et al. 2017) . Detoxification enzymes are energetically costly, a common strategy in phytophagous arthropods being to produce them in proportion to the amount of xenobiotics encountered (Li et al. 2007) . It has been reported that T. evansi suppresses the expression of genes involved in regulation of secondary metabolites and the release of inducible volatiles in S. lycopersicum (Sarmento et al. 2011; Falara et al. 2014; Alba et al. 2015) . Indeed, Alba et al. (2015) found that mites from two strains (Algarrobo-1 and Vicosa-1, which corresponded to lineages I and II, respectively) were able to suppress S. lycopersicum plant defenses to a similar magnitude by down-regulating the expression of genes involved in the induction of secondary metabolites and defense proteins. This down-regulation of plant defenses may render the induction of the mite detoxification enzymes unnecessary, and the metabolic resources saved can be diverted towards growth and reproduction. Moreover, T. evansi has significantly fewer P450 genes than T. urticae, probably reflecting specialization to solanaceous plants (Van Leeuwen and Dermauw 2016) . Nevertheless, we do not discard the possibility that the expression of specific genes may be affected, since multiple genes within each family are potentially contributing to the measured activities.
In conclusion, our results demonstrate the higher performance of mites from lineage I over those from lineage II on two different hosts, which may be related to the ability of mites of lineage I to exploit a wider range of plants. Likewise, the ability of T. evansi to reproduce in a wide range of plant families including Solanaceae, but also to outcompete with other autochthonous spider mites species, was previously demonstrated in the southern Mediterranean Spanish region (Ferragut et al. 2013) , where only the lineage I of T. evansi has so far been reported (Boubou et al. 2011 (Boubou et al. , 2012 . Digestive proteases also showed higher expression in mites from lineage I than from lineage II, potentially reflecting a more efficient proteolytic digestion of plant proteins. The same pattern was found for another feature, cold hardiness, in three strains of T. evansi belonging to both lineages (Migeon et al. 2015) , where in all cases mites of linage I were more resistant to lower temperatures. This appears as a valuable physiological feature for this species, which originates in subtropical South America and has colonized more temperate regions, so facing winter conditions under colder climates in Europe. Altogether, this is in good agreement with the generalpurpose genotype hypothesis (Baker 1965) to explain a higher invasive potential of T. evansi mites from lineage I genotype (Migeon et al. 2015) . Nevertheless, other biotic and abiotic factors such as drought stress (Ximenez-Embún et al. 2016) , mite behavior (Azandémè-Hounmalon et al. 2014) , competition with other species and interactions with natural enemies Ferragut et al. 2013 ) may also influence their geographical distribution and host range in the invaded area.
